Abstract. Selenium is a trace nutrient element that protects cells against oxidative damage. In this study, the potential of selenium to improve stem cell potency through active proliferation and migration of 3T3-L1 preadipocytes was investigated, together with the underlying molecular mechanisms. The results indicated that selenium applied for 24 h stimulated cell proliferation up to 20% compared to untreated control cells. Selenium induced the expression of cyclin-dependent kinase (CDK) 1 and CDK2, which are known to regulate G2/M progression, and significantly downregulated the CDK inhibitors p21 and p27. Selenium also activated the expression of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway, as well as extracellular signal-regulated kinase (ERK). Although LY294002, an inhibitor of PI3K, significantly inhibited the selenium-induced cell proliferation of the 3T3-L1 preadipocytes, PD98059, an inhibitor of ERK, did not affect selenium-induced active proliferation. These results clearly indicate that selenium stimulated cell proliferation through cell cycle progression and PI3K/Akt activation, but not through ERK activation. Furthermore, selenium increased 3T3-L1 cell migration, which was associated with the induction of matrix metalloproteinase (MMP)-2 and MMP-9. Taken together, the current findings suggest that selenium can stimulate stem cell potency by increasing the proliferation and active migration of 3T3-L1 cells.
Introduction
Induced pluripotent stem cells (IPSCs) are derived from nonpluripotent cells, such as adult somatic cells; they include fibroblasts, adipocytes and keratinocytes (1) (2) (3) . IPSCs are similar to embryonic stem cells (ESCs) in their capacity to renew themselves, differentiate into various cell types and migrate actively (4) . Studies have reported that various intracellular and extracellular factors activate multiple signaling networks during the increase in cell proliferation to generate active self-renewal activity. For example, Welham et al (5) reported that phosphoinositide 3-kinase (PI3K) and glycogen synthase kinase 3 are important in ESC proliferation and pluripotency. Lee et al (6) revealed that the self-renewal of ESCs is dependent on PI3K/Akt, Smad and Wnt signaling pathways. The PI3K/Akt signaling pathway has also been reported to play a pivotal role in the induction of pluripotent cells from primordial germ cells and ESCs (7, 8) .
Selenium is a trace nutrient element that is involved in many biochemical pathways. It protects cells against oxidative damage by optimizing the activity of glutathione peroxidase and thioredoxin reductase, as well as several other selenoproteins (9, 10) . It has been reported to have anticarcinogenic effects by preventing oxidative damage, regulating immune responses and inducing apoptosis (11) (12) (13) . Studies have also found that selenium has preventive effects in cardiovascular diseases, viral infections, fertility and aging (10, 14) . More recently, selenium was shown to induce stem cell behavior in human adipose-tissue stromal cells (15) .
Although IPSCs can be an attractive target to develop regenerative medicines for aplastic diseases, the molecular mechanisms regulating their pluripotency, proliferation and differentiation are not fully understood. Thus, in the present study, we investigated whether selenium, as an extracellular factor, can improve the potency of stem cells by stimulating the proliferation and migration of 3T3-L1 preadipocytes. We also investigated the mechanisms underlying its activity. In the process, we demonstrated that selenium plays a key role in the self-renewal activity of stem cells via cell cycle progression and the activation of the PI3K/Akt signaling pathway.
Materials and methods
Reagents and antibodies. Dulbecco's modified Eagle's medium (DMEM), bovine calf serum (BCS), Dulbecco's phosphate buffered saline (DPBS), and 1% penicillin-streptomycin were purchased from Gibco-BRL (Gaithersburg, MD, USA). Selenium, trypan blue, paraformaldehyde and toluidine blue O were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). LY294002 and PD98059 were obtained from Calbiochem (San Diego, CA, USA). All primers were purchased from Bioneer Co. (Daejeon, Korea), and all primary and secondary antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA) except p-Akt antibody and p-ERK antibody (Cell Signaling Technology, Beverly, MA, USA). All other chemicals not specifically mentioned here were obtained from Sigma-Aldrich.
Cell culture and selenium treatment. Mouse 3T3-L1 preadipocytes (American Type Culture Collection, Rockville, MD, USA) were cultured at 37˚C in humidified 95% air and 5% CO 2 in DMEM with 10% BCS and 1% penicillin-streptomycin. Selenium was dissolved in sterilized distilled water and stored at -20˚C. For selenium treatment, 3T3-L1 cells were seeded and stabilized for 24 h. The cells were then treated with selenium at various concentrations in serum-free DMEM for different time-points. Then the optimum concentration of selenium was selected on the basis of cell viability studies using the trypan blue exclusion assay.
Trypan blue exclusion assay. 3T3-L1 cells were seeded in 6-well plates at a density of 7x10 4 cells per well and incubated for 24 h. The medium was then replaced with serum-free DMEM containing different concentrations of selenium. Following incubation for another 24 h, cells were collected and viable cells were counted with a hematocytometer by excluding the stained cells with 0.4% trypan blue dye. Triplicate wells were used in all cell viability assays and each experiment was repeated at least three times.
Colony-forming cell assay. 3T3-L1 cells were seeded in 10-cm cell culture dishes at a density of 3x10 3 and stabilized for 24 h. Following stimulation with selenium (15 ng/ml) for another 24 h in serum-free DMEM, media was replaced with fresh media containing 10% BCS. After 15 days, the culture media was discarded and the attached cells were fixed with 4% paraformaldehyde. Then the cells were stained with 0.1% toluidine blue O in 1% paraformaldehyde for 3 days. After washing with distilled water several times, we determined the proliferation efficiency by counting the visual colonies.
Cell migration assay. To evaluate the migration activity of selenium-treated 3T3-L1 cell, we conducted a simple cellscraped wound model assay. Cells were seeded in 35-mm cell culture dishes at a density of 1.5x10 5 and stabilized for 24 h. Statistical analysis. All data are presented as the mean ± SD from at least three independent experiments. Statistical significance of the differences between groups was calculated using the Student's two tailed t-test.
Results

Selenium stimulates the cell growth and the proliferation of 3T3-L1 preadipocytes.
As stem cells have self-renewal activity demonstrated by enhanced cell proliferation, we first investigated the effects of selenium on the growth of the 3T3-L1 cells.
To evaluate the degree of proliferation, a trypan blue exclusion assay was performed following treatment with various concentrations of selenium for 72 h. As shown in Fig. 1A , the selenium treatment enhanced the cell growth, with 15 ng/ml of selenium the most effective in stimulating cell proliferation among various concentrations of selenium tested. The proliferative action of selenium (15 ng/ml) lasted 72 h, although the effect was more significant at 24 h. Microscopic observations of selenium-treated cells revealed active proliferation compared with untreated control cells (Fig. 1B) . Thus, the application of 15 ng/ml of selenium for 24 h was determined to be the optimal treatment for further study. In addition, the selenium-treated cells formed more colonies, showing an ~1.4-fold increase compared with the control cells (Fig. 2) . These results clearly indicate that selenium induced active cell proliferation of the 3T3-L1 cells.
Selenium stimulated the cell cycle progression of 3T3-L1
preadipocytes. Cell cycle progression is critically regulated by a sequential activation of cyclin-dependent kinase (CDKs), the activities and specificities of which are determined by phosphorylation of their corresponding catalytic subunits and by their associations with Cdks inhibitors and cyclins, which are differentially expressed during the cell cycle. CDK4 and CDK6 modulate the G1/S checkpoint by binding D-type cyclins. In addition to regulating the G1/S checkpoint by interacting with cyclin E, CDK2, together with cyclin A, controls the S phase and the G2/M checkpoint. The CDK1-cyclin B complex is known to regulate G2/M progression (16, 17) . In order to investigate the mechanism by which selenium induced the cell proliferation of the 3T3-L1 cells, we focused on the expression of cell cycle-related proteins including CDKs, cyclins, tumor suppressor p53 and CDK inhibitors following the selenium treatment. Our results showed that selenium upregulated the expression of cyclin-dependent kinase 1 (CDK1) and CDK2, without affecting the levels of p53 and cyclins; however selenium markedly downregulated the levels of p21 and p27, which are well-known CDK inhibitors and negatively control a broad range of CDKs (Fig. 3) . Taken together, these data suggest that selenium induced active cell proliferation by stimulating cell cycle progression.
Selenium enhances the cell proliferation of 3T3-L1 preadipocytes through the PI3K/Akt pathway. The PI3K/Akt signaling cascade plays a critical role in various physiological processes, including cell cycle progression, transcription, translation, differentiation, apoptosis, and metabolism (18) . In particular, the PI3K/Akt pathway is known to control the function of numerous substrates, which regulate cell cycle progression and cellular growth (19) . Thus, we hypothesized that selenium stimulates cell growth by modulating the PI3K/Akt signaling pathway. As shown in Fig. 4A , the selenium treatment upregulated PI3K, p-PI3K, and p-Akt, indicating that selenium activates the PI3K/Akt pathway. To confirm that the PI3K/ Akt pathway is important in the cell proliferation induced by selenium, we used LY294002, an inhibitor of PI3K. As we expected, LY294002 not only suppressed the activation of the PI3K/Akt pathway, it also completely blocked the seleniumstimulated cell proliferation ( Fig. 4B and C) . Collectively, our results demonstrate that the PI3K/Akt signaling pathway plays a crucial role in active cell proliferation of 3T3-L1 cells.
Selenium-induced ERK phosphorylation did not affect the cell proliferation of 3T3-L1 preadipocytes. Extracellular signalrelated kinase (ERK) is a key player in mitogenic signaling following growth factor stimulation, and studies have reported that it functions as a cell survival mechanism against apoptosis (20, 21) . As many researchers have reported that ERK plays a critical role in cellular proliferation through the Ras/Raf/ MEK/ERK pathway (22,23), we next focused on the activa- The cells were seeded in 10-cm cell culture dishes at a density of 3x10 3 and stimulated with selenium (15 ng/ml) in serum-free DMEM. After incubation for 24 h, the culture media was replaced with fresh media containing 10% BCS. After 15 days, the culture media was discarded and the attached cells were fixed and stained with 0.1% toluidine blue O for 3 days. (B) The proliferation efficiency was determined by visual counting of the colonies. The results are expressed as the mean ± SD of three independent experiments. The statistical significance of the results was analyzed by a Student's t-test ( * p<0.05 vs. untreated control).
tion of ERK. As displayed in Fig. 5A , our data showed that selenium induced ERK phosphorylation in the 3T3-L1 cells. Although the ERK inhibitor PD98059 did not block the active cell proliferation induced by the selenium treatment, it completely inhibited the expression of pERK (Fig. 5B and C) .
Taken together, these data suggest that ERK has no effect on the selenium-stimulated cell proliferation of 3T3-L1 cells.
Selenium induces active migration in 3T3-L1 preadipocytes.
To assess the migration efficiency of selenium, which is an Figure 3 . Selenium-induces cell cycle progression of 3T3-L1 preadipocytes. The 3T3-L1 cells were seeded in 10-cm cell culture dishes at a density of 4x10 5 and stabilized for 24 h. The medium was then replaced with serum-free DMEM containing 15 ng/ml of selenium and the cells were incubated for 24 h (A) at the indicated times (B). The cells were then harvested and lysed. The cellular proteins were separated by SDS-polyacrylamide gels and transferred onto nitrocellulose membranes. The membranes were probed with specific primary antibodies against cell cycle-related proteins. The proteins were visualized using an ECL detection system. Actin was used as an internal control. The medium was then replaced with serum-free DMEM containing 15 ng/ml of selenium and the cells were incubated for the indicated times. The cells were then harvested and lysed. The cellular proteins were separated by SDS-polyacrylamide gels and transferred onto nitrocellulose membranes. The membranes were probed with the indicated primary antibodies against the PI3K/Akt signaling pathway. Actin was used as an internal control. (B and C) The cells were pretreated with LY294002 for 2 h prior to selenium treatment (15 ng/ml) for 24 h. The expression of the PI3K/Akt signaling pathway was then investigated by western blot analysis (B), and the relative cell proliferation was evaluated with a trypan blue exclusion assay (C). The results are expressed as the mean ± SD of three independent experiments. The statistical significance of the results was analyzed by a Student's t-test ( * p<0.05 vs. untreated control; # p<0.05 vs. selenium-treated cells).
important characteristic of stem cells, an in vitro scratchinducing cell migration assay was conducted. As shown in Fig. 6A , the selenium-treated cells migrated more actively than the control cells, indicating that selenium significantly increased the migration efficiency of the 3T3-L1 cells. Next, we investigated the expression of migration-related proteins, matrix metalloproteinases (MMPs), which have many physiological functions in cell migration and invasion (24, 25) . Our data showed that selenium upregulated the expression of MMP-2 and MMP-9 in a time-dependent manner. These results indicate that selenium-induced active migration is associated with the overexpression of MMP-2 and MMP-9 (Fig. 6B) .
Discussion
It is hoped that IPSCs will overcome several fundamental problems of stem cell therapy, including ethical issues and the difficulty of obtaining sufficient amounts of adult stem cells. However, many of the underlying mechanisms of the reprogramming processes are unknown, making IPSC technology far from clinical use. Although selenium has been reported to have various pharmacological actions, its ability to improve stem cell behavior has not been fully elucidated. Therefore, we investigated the acquisition of stem cell potency following selenium treatment in 3T3-L1 adipocytes. We also investigated the effects of selenium on the cell proliferation and active migration of the 3T3-L1 adipocytes. Our data demonstrated that selenium stimulated the cell proliferation of the 3T3-L1 cells, proven by a trypan blue exclu- (A) To assess the migration efficiency of the selenium-treated 3T3-L1 adipocytes, an in vitro scratch-inducing cell migration assay was conducted. The cells were seeded in 35-mm cell culture dishes at a density of 1.5x10 5 and stabilized for 24 h. They were then scraped in a straight line across the dish and washed with fresh media. After incubation with selenium (15 ng/ml) for 24 h in serum-free DMEM, the migrated cells onto the wounded region were photographed under a microscope at x40 magnification. (B) After incubation with selenium (15 ng/ml) for the indicated times in serum-free DMEM, the cells were collected, and the cellular proteins associated with cell migration were analyzed by western blot analysis. Actin was used as an internal control. sion assay, microscopic observations and a colony-forming assay. We investigated the mechanisms of selenium-induced active proliferation with respect to cell cycle progression, the PI3K/Akt pathway and ERK phosphorylation. First, we investigated whether selenium modulated the cell cycle regulators of 3T3-L1 cells. Our results showed that selenium upregulated CDK1 and CDK2 and downregulated their inhibitors p21 and p27. Interestingly, selenium did not affect the expression of cyclins, critical regulators of the cell cycle, by forming complexes with CDKs (Fig. 3) . Dinarina et al (26) reported that contrary to the common belief, the activation of CDKs does not necessarily depend on cyclins. For example, CDK1 and CDK2 can be directly activated by a protein known as RINGO/Speedy (14, 27) . Porter et al (28) revealed that the protein can interact with CDK2 and p27 to play a role in the G1/S checkpoint. Thus, our results imply that selenium stimulated cell cycle progression by modulating CDKs, which were activated independently of cyclins.
Second, we focused on the PI3K/Akt and ERK signaling pathways. The PI3K/Akt pathway is activated by growth factors and involved in various biological functions, including cell proliferation, survival and cell migration (18) . Several reports have suggested that this signaling pathway plays a crucial role in maintaining the self-renewal activity of ESCs, as well as the dedifferentiation of embryonic germ cells (29) (30) (31) . Liu et al (32) also reported that an inhibitor of PI3K, LY294002, resulted in the loss of ESC features. Our results also clearly showed that selenium induced active cell proliferation of the 3T3-L1 cells by activating the PI3K/Akt pathway. This was proven by the enhanced expression of p-PI3K and p-Akt, and by the complete inhibition of cell proliferation following LY294002 treatment. As ERK signaling is known to be a key regulator of cell proliferation (22, 23) , and Kim et al (15) reported that selenium changed adipose-tissue stromal cells into a less mature state via ERK-mediated pathways, we investigated the effect of ERK on the proliferation of the 3T3-L1 adipocytes. However, our results clearly showed that ERK activation did not affect cell proliferation, although selenium induced ERK phosphorylation.
As additional proof of stem cell potency, selenium treatment induced active cell migration, which is an important characteristic of stem cells, in 3T3-L1 cells. The motogenic potential of stem cells is critical in causing the stem cell migration to the wounded area. MMPs seem to play an important role in the active migration of stem cells. Heissig et al (33) demonstrated that MMP-9 enhanced the motogenic potential of stem cells by translocating them to a permissive proliferative vascular niche. In addition, Yu et al (34) reported that MMP-2 promoted the cell migration of mesenchymal stem cells. Our results also showed that selenium upregulated the expression of MMP-2 and MMP-9, both of which are associated with active cell migration of 3T3-L1 cells. We cautiously suggest that selenium-activated ERK might be involved in the active migration of these cells because many researches have reported that ERK is a critical factor in the regulation of cell migration. For example, active MEK promoted cell migration in several cell types, and the mutation or inhibition of ERK suppressed cell migration (35, 36) .
In conclusion, the present study suggests that selenium can improve the potency of stem cells by stimulating the cellular proliferation and active migration of 3T3-L1 preadipocytes. Our results indicate that regulating the PI3K/Akt pathway might be an attractive method to produce IPSCs. Although future studies will be required to investigate whether selenium stimulates the pluripotency of 3T3-L1 cells to differentiate into various cell types, our results provide knowledge on the novel function of selenium, as well as the molecular mechanisms underlying its activity.
